Abstract -Rat race ring coupler with stepped-impedance sections is designed to have a dual-band characteristic. This is realized by attaching open stubs to both ends of each steppedimpedance section to create a phase of 900 at two designated frequencies. Transcendental equations are derived for solving impedance ratio R and lengths of the stepped-impedance sections. Circuit with miniaturized area can be obtained if R > 1 is chosen. Such microstrip ring hybrids operating at 2.45/5.2 GHz with R = 1 and R = 4 are designed and fabricated. Experiments are performed to confirm the theory.
I. INTRODUCTION
Many mobile and wireless communication systems have been implemented with dual-band operation. For saving cost in system integration, RF components with a dual-band characteristic are of great interest; especially those use a single circuit to operate at the two specified frequencies. Examples include the dual-band low-noise amplifiers (LNA) in [1] , the monopole antennas in [2] , the parallel-coupled line filters in [3] , and the multi-standard RF transceivers in [4] .
Recently, dual-band branch-line couplers [5] [6] [7] [8] and rat race couplers [9] are reported. In [5] , composite right/left-handed transmission lines are used to replace the k/4 arms of a branch-line coupler for 900/1800 MHz operation. Additional stubs in [6] and extra cross-coupled branches in [7] are attached to quadrature hybrids for the dual-band purpose. In [8] , three-branch-line structure is devised for 2.4/5 GHz branch-line couplers with bandwidths of 16% and 18% for the lower and upper bands, respectively. In [9] , a 900/2000 MHz rat race coupler is devised by adding two short-circuited stubs and by modifying the length and impedance of the branch lines in the conventional structure.
Size reduction is also an important issue for distributed circuits operating at relatively low RF frequencies. Circuit miniaturization of a rat race coupler is of particular interest since the conventional design has a circumference of 6214.
Probably, the most intuitive way to reduce the area is to use multi-folded traces as in [10] and fractal-line configuration in [11] . Alternatively, by replacing each 2/4-section with a stepped-impedance section, the rat race developed in [12] saves more than 75% of area.
In this paper, a design of rat race coupler incorporating dual-band operation with circuit miniaturization is proposed. where 1ij denotes the Y-parameters of the two-port and R = Z11Z2 is called the impedance ratio of the stepped-impedance line section. On the other hand, the Y-matrix of a straight k/4-section with characteristic impedance ZT can be expressed as
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It is known that ZT = X;Z0 in the traditional 6X/4-ring design, where ZO is the reference port impedance. Assume that the two designated operation frequencies are f1 andf2 = nfl. By enforcing the Yij entries in (1) and (2) identical to those of (3) at these two frequencies, four equations can be obtained as follows:
Y21 If the impedance ratio R = 1, the solution to the above equations can be readily obtained and explicitly expressed as 0l +02 =2I (8) Z1 =ZT csc (9) l + n When R 1, values of 01 and 02 can be obtained by enforcing (4) identical to (5) . Provided n = 2.12 (for operation at 5.2/2.45 GHz), Fig. 3(a) and Fig. 3(b) plot both Y21(f) and y21(nfi) curves against 01 for various R values when 02 = 50 and 100, respectively. Both 01 and 02 are evaluated at fl. For each R, the intersection point of the y21(J) and y21(nf ) curves gives the solution. The Z1 value can then be obtained by substituting the Y21 solution into (4) or (5) .
Based on the solutions in Fig. 3 (6) and (7) after R is properly chosen. Table I summarizes the design parameters of the dual-band rat race coupler for R = 1 and R = 4. 4 have more or less the same bandwidths at the two designated frequencies. Total power losses of the circuit for the case of R = 1 are 3.3% and 5.2% at 2.45 and 5.2GHz, respectively. Compared with the measured data for the above design with R = 4, it is found that the extra power loss caused by stepped-impedance configuration is about 1%.
III. SIMULATION AND MEASUREMENT RESULTS
In comparison with the area of a conventional 6X/4-ring hybrid operating atf =fi, the designed dual-band coupler with R = 1 uses only 41% of the area. If R = 4 is chosen, a further size reduction of 50% can be obtained. In other words, the size reduction of the dual-band stepped-impedance coupler is better than 79%. The bandwidths of the circuit at the two operation frequencies, however, are much smaller than that of the traditional design. Frequency (GHz) 
IV. CONCLUSION
Design technique for rat race ring coupler with dual-band operation together with circuit miniaturization is described. At the two designated frequencies, the circuit topology employs stepped-impedance line sections shunt with open stubs to play the role of each 214-section in the conventional design. Formulation and design graphs for determining the circuit parameters are devised. It is found that the degree of circuit miniaturization is constrained by the linewidth resolution of the hi-Z section of the fabrication process. The designed 2.45/5.2GHz ring hybrid with R = 4 uses only 21% of the area of the conventional circuit. The stepped-impedance configuration introduces an extra power loss of 1 % in the two bands. Dual-band ring hybrids with changed frequency ratios can also be designed in a similar fashion.
ACKNOWLEDGEMENT
This work was supported by the MoE ATU program and by the National Science Council, Taiwan, under Grants NSC 95-2221 -E-009-037-MY2 and NSC 95-2752-E-009-003-PAE.
